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Abstract

Theoriginal versionof thehygienehypothesis suggested that infections
transmitted early in life by “unhygienic contact” prevented allergies.
Examples were endemic fecal–oral infections by viral, bacterial, or
protozoic pathogens, such as hepatitis A virus,Helicobacter pylori, or
Toxoplasma gondii. Later, this concept also included microorganisms
beyond pathogens, such as commensals and symbionts, and the
hygiene hypothesis was extended to inflammatory diseases in general.
An impressive illustration of the hygiene hypothesis was found in
the consistent farm effect on asthma and allergies, which has partly
been attributed to immunomodulatory properties of endotoxin as
emitted by livestock.Assessment of environmentalmicroorganismsby
molecular techniques suggested an additional protective effect of
microbial diversity on asthma beyond atopy. Whether microbial
diversity stands for ahigher probability toencounter protective clusters
ofmicroorganismsorwhether it is a proxyof a balancedenvironmental

exposure remains elusive. Diversity of the mucosal microbiome of the
upper airways probably reflects an undisturbed balance of beneficial
microorganisms and pathogens, such asMoraxella catarrhalis, which
has been associated with subsequent development of asthma and
pneumonia. In addition, specific fermenters of plant fibers, such as the
genera Ruminococcus and Bacteroides, have been implied in asthma
protection through production of short-chain fatty acids, volatile
substances with the capability to reduce T-helper cell type 2–mediated
allergic airway inflammation. Evolutionary thinkingmay offer a key to
understanding noncommunicable inflammatory diseases as delayed
adaptation to a world of fast and profound environmental changes.
Better adaptationmay be fostered by growing insight into the interplay
between man and microbiome and an adequate choice of the
environmental exposure.
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A Short History of the
Hygiene Hypothesis

The hygiene hypothesis emerged as a
tentative explanation to a massive shift in the
human disease spectrum from infections to
allergies (1). It borrowed its name from a
hypothesis originally proposed in the 1980s
to explain the appendicitis epidemic of the
early 20th century by an immune system
not adequately trained for infections (2).
Against the then prevailing idea that viruses
triggered allergies (3), David Strachan
suggested in 1989 (4) that allergies might be
prevented by viral infections transmitted by
“unhygienic contact” to siblings early in life.
This notion was supported by subsequent

studies revealing inverse associations
between allergies and endemic infections by
viral, bacterial, or protozoic pathogens, such
as hepatitis A virus, Helicobacter pylori, or
Toxoplasma gondii, which are mostly
transmitted by the fecal–oral route (5).

In the late 1990s, the hygiene
hypothesis gained momentum with the
striking farm effect on asthma and allergies
and its obvious relation to microbial
exposure (6). At the same time, awareness
of the asthma and allergy epidemics was
growing, and the hygiene hypothesis
offered an attractive explanation to these
phenomena (7).

Finally, the emerging T-helper cell
type (Th) 1/Th2 paradigm provided a

theoretical foundation for the hygiene
hypothesis (8), and, with several
amendments, the co-occurrence of
Th1- and Th2-dominated diseases
in the same individual and the
simultaneous rise in prevalence of
both conditions (9) could be integrated
in a larger concept of pro- and
antiinflammatory processes (10).

Similar to the Th1/Th2 paradigm, the
hygiene hypothesis itself underwent
several transformations. The “old friends”
(11) and the “disappearing microbes” (12)
hypotheses are essentially revisions of the
hygiene hypothesis. With a somewhat
different slant, they both highlight the
role of evolutionary adaptation to
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microorganisms, regardless of whether
they are commensals, symbionts, or
pathogens. In addition, both approaches
also endeavor to extend the hygiene
hypothesis to autoimmunity, inflammatory
disorders, and even to some forms of cancer.

The Difficult Relationship
Between Hygiene and the
Hygiene Hypothesis

The original label “hygiene” caused some
confusion, as hygiene was often interpreted
in the sense of personal hygiene or
household cleanliness, rather than vertical
or horizontal transmission of infections.
In the context of the “gut microbial
deprivation” hypothesis (13), an aberrant
colonization of the neonatal intestine, due to
an overly hygienic lifestyle, was postulated (14).
Obviously, environmental conditions
impact on the colonization of the neonatal
gut (15), but an overly hygienic lifestyle is
not comparable to experiments performed
in germ-free mice, which may have led
to a misconception of “sterile homes.”
Even aggressive cleaning cannot clear
microorganisms persistently (16).

The PAULA study (Perinatale Asthma
Umwelt Langzeit Allergie Studie [in
German]) exactly addressed the question of
household and personal cleanliness, and
collected data on frequency and intensity of
cleaning, individual habits of hygiene
behavior, and attitudes toward dirt. Though
cleanliness was well reflected by microbial
compounds in indoor dust, it did not impact
on development or avoidance of allergic
diseases (17).

The Microbial Exposure Par
Excellence: Farming
and Endotoxin

The protective effect of growing up on a
farm on asthma and allergies has long been
confirmed in various studies all over the
world (18). The farming environment is
rich in microbial exposure, and the
atopy-protective effect of endotoxin (LPSs)
has been well established in the farm children
studies (6, 19). More precisely, the effect was
attributed to gram-negative rods, the main
source of endotoxins (20). Targeting the 16s
ribosomal RNA gene of bacteria revealed the
species, Acinetobacter lwoffii, as a promising
candidate among the gram-negative rods (21).
This species was already known for its atopy-
protective potential from pre- and postnatal
mouse models of allergic airway inflammation
(22, 23), and subsequently a role as an
immunomodulatory commensal of the
skin was proposed (24).

Recently, the endotoxin effect has
impressively been replicated with dust
samples from two agricultural communities in
the United States that share many properties,
such as a common genetic ancestry and a
traditional lifestyle (25). A main difference
between the two communities is the way
of farming; the Hutterites run highly
industrialized farms, whereas the Amish
adhere to a traditional type of farming with
few changes during the last two centuries. In a
mouse model of allergic asthma, dust extracts
from Amish homes prevented airway
hyperresponsiveness, whereas extracts
from Hutterite homes did not. This was
mainly attributed to the high endotoxin levels
in Amish homes, which exceeded those of

Hutterite homes by seven times. The effect of
Amish dust extracts was abrogated in
knockout mice deficient for key molecules
of the innate immunity, such as myeloid
differentiation primary response 88 and Toll-
like receptor adaptor molecule 1.

Further molecules have been implied in
the endotoxin effect: endotoxins from
environmental exposure, as it occurs on
farms, may induce the ubiquitin modifying
enzyme, A20, and thereby suppress the
activation of epithelial and dendritic cells of
the airway mucosa (26). A20 also plays an
important role in establishing tolerance
toward Toll-like receptor (TLR) ligands and
bacteria in the intestinal epithelium, where
it is induced by bacterial colonization (27).
This leads directly to another potential
mechanism (i.e., the structure of LPSs
[endotoxins] produced by the prevailing
human gut bacteria). The number of acyl
chains and their arrangement within the
endotoxin molecules determines whether
endotoxin stimulates or inhibits the activation
of TLR4 and nuclear factor k–light-chain-
enhancer of activated B cells (28).

Similarly, the farm exposure elicits a
profound and persistent effect on the
immune system. When pregnant women
were exposed to livestock, gene expression
of receptors of the innate immunity, such as
the endotoxin receptors, CD14 and TLR4,
was increased in their offspring at school
age (29). Moreover, the expression of these
indirect markers of microbial exposures
was related to the diversity of animal
exposure in a dose-dependent manner
(Figure 1). The feed, feces, and body
surfaces of different animal species
are colonized by rather distinct
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Figure 1. Diversity of animal contact as a potential proxy of microbial exposure. Reprinted from Reference 29 with permission from Elsevier. Solid lines are
regression lines; dashed lines are 95% confidence intervals; red dots are gene expression values averaged over number of animal species. rRNA =
ribosomal RNA; TLR = Toll-like receptor.
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microorganisms. Hence, one might
interpret the multitude of animal species as
a proxy of microbial diversity.

Microbial Diversity and Asthma

Indeed, farm children are exposed to a higher
diversity of environmental bacteria and fungi,
as illustrated by Figure 2 (20). By contrast, the
risk of childhood-onset asthma declined with
increasing microbial diversity, independently
of any other farm-related exposure. This
finding lent support to the “microbial
diversity hypothesis,” though the mechanisms
behind this phenomenon still remain
enigmatic. Most of all, it is unclear what
diversity actually stands for. As the repertoire of
receptors of the innate immunity is rather
limited, the effects of diversity may involve
other cascades beyond the redundantly
organized innate immune system. A higher
diversity definitively increases the stochastic
probability of encountering advantageous
microorganisms; alternatively, a high diversity
might keep detrimental microorganisms at bay
or may just be indicative of an established
balance of microbial powers. In terms of the
“biodiversity hypothesis” (30), one may also
assume that microbial diversity reflects that of a
superordinate system (i.e., the entire biosphere).

In contrast to the consistent effect on
asthma, microbial diversity was not related
to atopic sensitization and atopic disease

manifestation, such as hay fever (20).
Likewise, atopy and asthma differ
completely in their relation to endotoxin
exposure. Whereas endotoxin protects from
atopy, it increases the risk of nonatopic
asthma and wheeze (6). Ultimately, these
opposite effects challenge the hygiene
hypothesis as a universal explanation to
inflammatory disorders beyond atopy.
Though both microbial diversity and
endotoxin exposure are superficially related to
microorganisms, they seem to reflect
completely different phenomena (Figure 3).
This paradox may be solved when considering
the effects of microbial components and of
microbial communities separately.

Beyond these paradoxes, two questions
remain: (1) whether environmental bacteria
impact on mucosal colonization; and (2) on
which level the microbial exposure operates
(i.e., by supplementing the host with metabolic
functions, by producing immunomodulatory
agents, or by horizontal gene transfer to
mucosal bacteria).

Environmental and
Mucosal Bacteria

The GABRIELA (Multidisciplinary Study to
Identify the Genetic and Environmental
Causes of Asthma in the European
Community - Advanced Studies) study
assessed the relation of the nasal

microbiome to environmental bacteria, as
detected in mattress dust (31). The Bland-
Altman plot given in Figure 4 illustrates a
substantial agreement of a diversity from
both sampling sources on an individual level.
The average a diversity in mattress samples
exceeds that of nasal swabs by about 200
operational taxonomic units. This difference
is particularly pronounced in farm children,
who generally score higher in bacterial
diversity than their rural peers (Figure 4).

Taken together, these findings suggest
transfer of environmental microorganisms
to the mucosa of the upper airways. Deeper
sequencing in larger populations will
increase the resolution of microbial analyses
and possibly identify specific effects of
distinct microorganisms or microbial
clusters beyond the currently evident
associations with a diversity.

The farm effect has mostly been
attributed to two major determinants
(i.e., consumption of unprocessed milk and
exposure to cows and straw) (32). As the
stomachs of cows are essentially enormous
fermenters, it is conceivable that farm
children regularly inhale volatile
substances, such as propionate and other
short-chain fatty acids originating from
fermentation of plant fibers (31).
Propionate is produced by the genera
Bacteroides and Ruminococcus, among
others (33), which were more commonly
found in mattress samples from farm
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Figure 2. Diversity of environmental microorganisms and asthma. Reprinted from Reference 20 with permission from the Massachusetts Medical Society.
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children (31). A link to the farm effect on
asthma seems likely, as short-chain fatty
acids and, particularly, propionate have
been shown to dampen Th2 cell–mediated
allergic airway inflammation (34).

Microbial Virulence or
Host Factors

In a different study region of the GABRIELA
study, the relationship of nasal versus
pharyngeal microbiota, and their impact on
asthma, was explored (35). In the nasal
samples, a diversity differed again between
farm and reference children, and was
reduced in children with asthma (Figure 5).
In throat samples, however, a diversity was
neither related to environmental exposure
nor to asthma. This may indicate that the
immune tissue of Waldeyer’s ring
rigorously constrains microbial
colonization of the oropharynx, whereas
the mucosa of the nasal cavity may be more
reactive to external stimuli.

According to the united airway
hypothesis, the villous epithelium of the
nasal cavity may share more properties with
that of the lower airways, and thus better
reflect host–microbiome interactions at
the site of asthma pathology (35). However,
this remains mere speculation as long as
the microbiomes of the upper and lower
airways have not been compared
systematically on a population level
beyond case series (36).

The GABRIELA study also showed that
the association of nasal a diversity with
asthma was confounded by the presence
of the genus Moraxella, possibly species
catarrhalis, which has previously been
cultured from hypopharyngeal swabs of
neonates who subsequently developed
asthma or pneumonia (37, 38). If the effect
of nasal a diversity on asthma is largely
explained by the absence of a pathogen,
such as Moraxella, microbial diversity
might just be an epiphenomenon of a well-
established balance of microorganisms
undisturbed by pathogens (Figure 3).

The impact of Moraxella on asthma
(37) seems to be unspecific, as it
equally affects pneumonia, a rather
distinct pathology (38). So, this generic
effect points toward an underlying immune
deficiency of the host rather than the
virulence of a specific pathogen (39). In
addition, the detection of pathogens in
otherwise healthy subjects advocates
against the virulence hypothesis, unless
virulence might be enhanced by gene
transfer from exogenous microorganisms in
affected individuals.

Microbial diversity has also been
implied in the relationship of gut
microbiota and asthma (13, 40)
following the gut–lung axis, a postulated
communication based on observational
changes in gut microbiome affecting
lung immunity (41). Though preliminary
analyses indicated profound imprinting
of the environmental exposure on the
diversity and composition of the gut
microbiome of farm children, the gut
microbiome is unlikely to mediate the
farm effect on asthma (M. Depner and
M.J.E., unpublished data).

Evolution in a Nutshell

The age of the microbiome has also
promoted evolutionary thinking. The idea of
coevolution of man and microbiome has
finally replaced the concept of struggle
between pathogen and host, which was
more a mirror of human warfare than a
biological explanation. Ultimately,
microorganisms are neither friends nor
foe, nor are they missing; and we do not
live in a sterile world with too much
hygiene. We are just in an era of rapid
changes, which again will trigger
evolutionary adaptation to an altered
balance between man and microbiome.
In an evolutionary diction, the increase
in noncommunicable diseases merely
reflects an adaptation that lags behind in a
world of fast and profound environmental
changes. With a growing insight into the
interplay between man and microbiome,
we might take over a more active role
and enhance adaptation through an
adequate choice of microbial exposure.
Although complete restoration of a
preindustrialized microbiome is an illusion,
the comparison of populations with
diverse microbial environments may offer
some guidance.

Asthma

Risk

Endotoxin Microbial
diversity

Single
pathogens

Protection

?

Protection

Risk

?

Atopy
Atopic
asthma

Figure 3. Differential effects of endotoxins, microbial diversity, and single pathogens. Endotoxin
exposure protects from atopy, but increases the risk of nonatopic asthma. The risk of asthma in
general is reduced by microbial diversity, but increased by single pathogens. How endotoxin
exposure, microbial diversity, and single pathogens are interrelated is currently unclear.
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A Plea for Diversity

The hygiene hypothesis has been a
useful tool to approach various phenomena
related to inadequate immune response. In
all its flavors and by all its amendments, it
added much to our understanding of the
impact of microorganisms on human
health. However, its limits should be
acknowledged. The disparate effects of
microbial diversity on asthma and

endotoxin on atopy illustrate that the
hygiene hypothesis cannot serve as a generic
explanation of any inflammatory
noncommunicable disease. A more critical
assessment of the various effects of
microbial exposure on different disease
phenotypes might reveal a more
differentiated pattern.

Diversity proved to be an instructive
concept for understanding the impact of the
complex microbial exposure on asthma.

Likewise, it might prevent us from
explaining multifaceted biologic effects by
one and the same theory. n
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